Introduction {#Sec1}
============

Blood vessel sprouts are characterized by leading tip cells that grow out from a pre-existing vascular network, and by trailing stalk cells. The tip cell at the forefront of the sprouting vessel is attracted by microenvironmental signals and navigates by following gradients of angiogenic factors, such as vascular endothelial growth factor (VEGF), that regulate tip and stalk cell functions^[@CR1],[@CR2]^. Recently, the importance of metabolic regulation in the differential activation of these angiogenic endothelial cells (ECs) was shown^[@CR3]^.

In animal and *in vitro* models, it has been demonstrated that differentiated ECs are characterized by glycolytic formation of adenosine 5′-triphosphate (ATP) for energy production and have mitochondrial respiration as the secondary source of ATP. It has been shown that ECs increase glycolysis in response to angiogenic activation, a condition with metabolic characteristics similar to proliferative cancer cells^[@CR4]--[@CR10]^. Glycolysis is not efficient for ATP production because only 2 ATP molecules per glucose molecule are generated, whereas mitochondrial respiration produces 36 ATP molecules per glucose molecule (Fig. [1](#Fig1){ref-type="fig"}). The need for glycolysis in cancer cells was discovered recently because lactate can be used to produce building blocks for biosynthesis, which is needed in proliferating cells^[@CR11],[@CR12]^. However, upregulation of mitochondrial respiration and thus oxidative phosphorylation can also occur in cancer cells when needed, indicating flexibility of cancer cells in ways to generate ATP^[@CR8]--[@CR10],[@CR13]^. Moreover, recent studies have suggested that mitochondrial respiration is essential for angiogenic capacity and homeostasis of the endothelium, although ECs are considered to have a glycolytic phenotype^[@CR14]--[@CR16]^. Mitochondria in lung ECs have been shown to contribute to reactive oxygen species (ROS)-dependent VEGF production and it has been demonstrated as well that proliferating ECs depend on mitochondrial respiration^[@CR17]--[@CR19]^. Collectively, these findings suggest that the metabolism plays an important role in EC differentiation and functioning during angiogenesis. However, how critical glycolysis and mitochondrial respiration are for EC differentiation and EC functions in angiogenesis remains to be elucidated.Figure 1Schematic overview of glycolysis and mitochondrial respiration. Glycolysis and mitochondrial respiration are two major energy-yielding pathways. Glucose is converted into pyruvate in the glycolytic pathway. The fate of pyruvate is dependent on many factors, of which oxygen availability is important. In anaerobic conditions, pyruvate is converted into lactate by **LDHA** in the cytoplasm. LDHB converts lactate into pyruvate. **PFBFB3** enzymes generate fructose-2,6-biphosphate (F2,6P~2~), an allosteric activator of 6-phosphofructo-1-kinase (PFK-1) that is involved in one of the rate-limiting steps of glycolysis by the conversion of fructose-6-phosphate (F6P) to fructose-1,6-biphosphate (F1,6P~2~). ECAR is a measure of lactic acid levels, generated by anaerobic glycolysis. In aerobic conditions, pyruvate enters the citric acid cycle via the **PDH** complex, and is catabolized by oxidative phosphorylation, and ATP is produced by ATP synthase (complex Ѵ). OCR is a measure of oxygen utilization in cells and is an indicator of mitochondrial function. The conversion of glucose into lactate generates 2 ATP per glucose molecule as compared to 36 ATP per glucose molecule when the oxidative phosphorylation is used. 2-NBDG; 2-\[N-(7-nitobenz-2-oxa-1,3-diazol-4-yl)-amino\]-2-deoxy-D glucose. 2-DG; 2-deoxyglucose. Glut; glucose transporters. G-6-P; glucose-6-phosphate. F-6-P; fructose-6-phosphate. PFKFB3; 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3. F-2,6-BP; fructose-2,6-biphosphate. F-1,6-P; fructose-1,6-phosphate. LDHA; lactate dehydrogenase A. LDHB; lactate dehydrogenase B. PDH; pyruvate dehydrogenase. NADH; nicotinamide adenine dinucleotide. FADH~2~; flavin adenine dinucleotide. H^+^; proton. OxPhos; oxidative phosphorylation. ECAR; extracellular acidification rates. OCR; oxygen consumption rates. ADP; adenosine 5′-diphosphate. ATP; adenosine 5′-triphosphate.

In the present study, we apply small interfering RNA (siRNA) against the glycolytic genes 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (*PFKFB3*), lactate dehydrogenase A (*LDHA*) and the mitochondrial gene pyruvate dehydrogenase E1 alpha 1 subunit (*PDHA1*) to test whether inhibition of glycolysis and/or mitochondrial respiration affects tip cell and/or non-tip cell differentiation and sprouting angiogenesis *in vitro* and *in vivo* (a schematic overview of the relevant enzymes is shown in Fig. [1](#Fig1){ref-type="fig"}). This has the following rationale:

PFKFB enzymes generate fructose-2,6-biphosphate (F2,6P~2~), an allosteric activator of 6-phosphofructo-1-kinase (PFK-1) that is involved in one of the rate-limiting steps of glycolysis by the conversion of fructose-6-phosphate (F6P) to fructose-1,6-biphosphate (F1,6P~2~)^[@CR20]^. A recent study shows that among all isoforms of PFKFB, **PFKFB3** is the most upregulated isoform in stimulated ECs *in vitro* as well as *in vivo*^[@CR21]^. PFKFB3 is a critical enzyme for glycolysis in ECs and silencing of its expression partially reduces glycolysis and impairs EC migration, proliferation, and induces defects in the formation of filopodia^[@CR5],[@CR22]^.

The **LDHA** enzyme, which catalyzes the conversion of pyruvate into lactate, plays a vital role in glycolysis. Upregulated *LDHA* expression is characteristic for rapidly growing cells, and inhibition of *LDHA* expression impairs vascularization and suppresses tumor cell growth^[@CR8],[@CR23]--[@CR26]^. LDHA has been shown to be essential for microvascular ECs by enhancing VEGF production in these cells during angiogenesis^[@CR27],[@CR28]^.

The pyruvate dehydrogenase (PDH) complex is the gatekeeper enzyme between glycolysis and mitochondrial respiration and plays an important role in the channeling of pyruvate into aerobic ATP formation by mitochondrial respiration^[@CR29]^. The E1α subunit of the PDH complex contains the E1 active site that plays a key role in the enzymatic activation of **PDHA1**^[@CR30]--[@CR33]^. Various types of cancer cells have been shown to adapt their metabolism by increasing glycolysis after inhibition of PDHA1 activity which reduces the flow of pyruvate into mitochondrial respiration^[@CR34]^.

The relative contribution of glycolysis and mitochondrial respiration in ATP production in endothelial tip cells and non-tip cells has not been investigated, because thus far discrimination between tip cells and the other angiogenic phenotypes has not been possible *in vitro*. We have developed an *in vitro* approach based on identification and isolation of CD34^+^ tip cells and CD34^−^ non-tip cells in EC cultures^[@CR1],[@CR35]^. The purpose of the present study was to investigate the paradoxical role of mitochondria in ECs and to shed light on the potential regulatory roles of glycolysis and mitochondrial respiration in tip cells and non-tip cells during angiogenesis.

Results {#Sec2}
=======

Glycolysis is necessary for tip cell differentiation {#Sec3}
----------------------------------------------------

Metabolic pathways have been identified as major regulators of angiogenesis, and a metabolic switch has been associated with angiogenic EC differentiation^[@CR3],[@CR5]^. To study these metabolic aspects of ECs during angiogenesis further, we inhibited mRNA levels of the genes *PFKFB3*, *LDHA*, or *PDHA1* to determine whether inhibition of glycolysis and/or mitochondrial respiration affects tip cell and/or non-tip cell differentiation (Fig. [2a](#Fig2){ref-type="fig"}). Inhibition of expression of *PDHA1*, a mitochondrial respiration enzyme, increased the fraction of tip cells from 5.3% to 10.6% (2-fold; Fig. [2b](#Fig2){ref-type="fig"}) and increased the expression levels of 5 out of 8 tip cell-specific genes, including *CD34* (3.4-fold) at 72 h (Fig. [2c](#Fig2){ref-type="fig"}). Silencing of expression of the glycolysis gene *PFKFB3* did not have an effect on the percentage of tip cells (Fig. [2b](#Fig2){ref-type="fig"}), nor did it result in a consistent directional change of tip cell-specific mRNA levels. mRNA levels of 2 out of 8 tip cell-specific genes (*IGF2*^[@CR36]^ and *VEGFR3*) were increased, whereas mRNA levels of 3 out of 8 tip cell-specific genes (*CD34 (1*.*1-fold)*, *CXCR4*, and *DLL4*) were decreased (Fig. [2d](#Fig2){ref-type="fig"}). Inhibition of expression of the glycolytic gene *LDHA* reduced the percentage of tip cells from 9% to 4.7% (1.9-fold; Fig. [2b](#Fig2){ref-type="fig"}), and decreased the expression levels of 5 out of 8 tip cell-specific genes in the mixed EC population, including *CD34* (by 1.6-fold) (Fig. [2e](#Fig2){ref-type="fig"}). Western blotting analysis of CD34 protein after transfection of siRNA against *PDHA1*, *PFKFB3*, and *LDHA*, respectively, confirmed these findings at the protein level (Supplementary Fig. [S1a](#MOESM1){ref-type="media"}).Figure 2Effects of inhibition of glycolysis or mitochondrial respiration on endothelial tip cell differentiation in HUVEC cultures. (**a**) FACS measurements of tip cells with the use of PE-conjugated anti-CD34 antibody after inhibition of the expression of *PDHA1*, *PFKFB3*, or *LDHA* with siRNA in HUVECs. Inhibition of the expression of the mitochondrial gene *PDHA1* (si*PDHA1* versus siNT) in HUVEC cultures increased relative tip cell numbers (**b**) and increased mRNA expression levels of 5 out of 8 tip cell-specific genes (**c**) at 72 h after siRNA transfection. No effects on relative tip cell numbers were found after inhibition of *PFKFB3* expression (**b**), neither did it cause a uniform directional increase or decrease of tip cell-specific mRNA levels (**d**) at 72 h after siRNA transfection. Silencing of the expression of the glycolytic gene *LDHA* reduced the percentages of tip cells (**b**) and decreased the expression of 5 out of 8 tip cell-specific genes (**e**) at 72 h after siRNA transfection. (**f**) FACS-sorted HUVECs with the use of PE-conjugated anti-CD34 antibody. Inhibition of *PDHA1* or *PFKFB3* expression, respectively, in isolated fractions of non-tip cells increased relative tip cell numbers, whereas silencing of *LDHA* expression diminished the relative tip cell numbers. Percentage of tip cells was determined as described in the methods section. Results are shown as means ± SEM of experiments with HUVECs of at least 3 donors. \*P \< 0.05, \*\*P \< 0.01, and \*\*\*P \< 0.001 as compared to siNT (Unpaired Student's t-test).

Non-tip cells are able to differentiate into tip cells^[@CR19],[@CR37]^. To investigate whether a metabolic switch is involved in this transformation, we inhibited the expression of *PDHA1*, *PFKFB3*, or *LDHA* with siRNA in an isolated fraction of non-tip cells, and measured the formation of new tip cells at 72 h after transfection. Inhibition of *PDHA1* or *PFKFB3* expression in non-tip cells increased the fraction of newly formed tip cells by 2.9-fold and 1.6-fold, respectively, as compared to non-tip cells that were transfected with siNT. In contrast, inhibition of *LDHA* expression decreased the percentage of tip cells by 2.1-fold as compared to non-tip cells treated with siNT (Fig. [2f](#Fig2){ref-type="fig"}).

These data show that inhibition of *PDHA1* stimulates the formation of tip cells in the total EC population and induces a switch to the tip cell phenotype in non-tip cells. Inhibition of *PFKFB3* had no effect on the number of tip cells in the total EC population, whereas inhibition of *PFKFB3* mRNA expression in a culture of isolated non-tip cells induced the tip cell phenotype. Finally, inhibition of *LDHA* in both the total EC population and the isolated non-tip cell population reduced the percentage of tip cells, indicating that *LDHA*, which produces lactate from pyruvate, is necessary for tip cells to maintain their phenotype and is involved in the transformation of non-tip cells into tip cells.

Glycolysis and mitochondrial respiration are essential for HUVEC proliferation, whereas tip cells need glucose consumption for mitochondrial ATP production for cell survival {#Sec4}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

As metabolism affects proliferation and survival of differentiated ECs^[@CR38],[@CR39]^, we investigated whether inhibition of the expression of *PDHA1*, *PFKFB3*, or *LDHA* has effects on tip cell/non-tip cell survival and/or proliferation of non-tip cells.

First, we tested whether inhibition of *PDHA1*, *PFKFB3*, or *LDHA* expression affects the survival of tip cells or non-tip cells. For this purpose, apoptosis in isolated fractions of tip cells and non-tip cells was measured at 72 h after siRNA transfection (Fig. [3a](#Fig3){ref-type="fig"}). Inhibition of *PDHA1* expression increased the percentage of apoptotic tip cells from 0.9% to 2.6%, and showed no effect on non-tip cells. No effects on apoptosis were found in sorted cultures of HUVECs transfected with siRNA against *PFKFB3* or *LDHA*, as compared to controls (Fig. [3b](#Fig3){ref-type="fig"}). To verify the importance of glucose oxidation for tip cell survival, we blocked the channeling of pyruvate into mitochondrial respiration with the use of 2-cyano-3-(1-phenyl-1H-indol-3-yl)-2-propenoic acid (UK5099) and measured the effect on the percentage of tip cells. Treatment of HUVECs with UK5099 reduced the number of tip cells at 24 h after treatment by 30% (Supplementary Fig. [S1b](#MOESM1){ref-type="media"}).Figure 3Effects of the inhibition of glycolysis or mitochondrial respiration on survival of endothelial tip cells and non-tip cells and on proliferation of ECs in HUVEC cultures. (**a**) Apoptotic cell death of tip cells and non-tip cells after flow cytometric analysis of HUVECs stained with both PE-conjugated anti-CD34 antibody and FITC-conjugated annexin V antibody at 72 h after siRNA transfections against *PDHA1*, *PFKFB3*, or *LDHA*, respectively. Four quadrants (Q) representing: viable tip cells (Q1), apoptotic tip cells (Q2), apoptotic non-tip cells (Q3), and viable non-tip cells (Q4). (**b**) Inhibition of *PDHA1* expression increased the percentage of apoptotic tip cells, whereas no effect was found in non-tip cells. Inhibition of *PFKFB3* or *LDHA* expression, respectively, did not alter percentages of apoptotic tip cells and non-tip cells. (**c**) Cell proliferation assay of HUVECs expressed as percentages of non-proliferating cells in the G0/G1 phase, and proliferating cells in early S phase, late S phase and G2M phase after flow cytometric analysis of fluorescence of incorporated EdU at 72 h after siRNA transfections against *PDHA1*, *PFKFB3*, or *LDHA*, respectively. (**d**) Inhibition of the expression of *PDHA1*, *PFKFB3*, or *LDHA* lowered percentages of proliferating HUVECs in the late S phase and G2M phase. Results are shown as means ± SEM of experiments with HUVECs of at least 3 donors. \*P \< 0.05, \*\*P \< 0.01, and \*\*\*P \< 0.001 as compared to siNT (Unpaired Student's t-test).

Next, we determined whether glycolysis and/or mitochondrial respiration are necessary for the proliferation of HUVECs (Fig. [3c](#Fig3){ref-type="fig"}). Percentages of non-proliferating HUVECs in the G0/G1 phase were increased after inhibition of expression of *PDHA1* (from 57% to 73%) or *PFKFB3* (from 60% to 65%) (Supplementary Fig. [S1c,d](#MOESM1){ref-type="media"}, respectively). No effects on non-proliferating HUVECs in the G0/G1 phase were found after inhibition of expression of *LDHA* (Supplementary Fig. [S1e](#MOESM1){ref-type="media"}). Percentages of proliferating HUVECs in the late S phase (EdU-positive cells) and the G2M phase were reduced after inhibition of expression of *PDHA1* (from 21% to 4% and from 9% to 2%, respectively), *PFKFB3* (from 15% to 8% and from 9% to 6%, respectively), or *LDHA* (from 19% to 5% and from 10% to 5%, respectively) as compared to controls (Fig. [3d](#Fig3){ref-type="fig"}).

These findings indicate that tip cells need glucose consumption for mitochondrial ATP production for cell survival, and that glycolysis as well as mitochondrial respiration are essential for HUVEC cell proliferation.

HUVECs adapt their metabolism to microenvironmental circumstances {#Sec5}
-----------------------------------------------------------------

In response to angiogenic activation, differentiated ECs are known to exhibit metabolic flexibility, characterized by the ability to respond or adapt to conditional changes in metabolic demand by shifting between substrates and/or metabolic pathways^[@CR5],[@CR19]^. To further investigate the metabolic flexibility of ECs, we studied glycolysis and mitochondrial respiration after siRNA inhibition of *PDHA1*, *PFKFB3*, or *LDHA* in more detail in HUVECs.

Tip cells have lower *PDHA1* and *LDHA* expression levels as compared to non-tip cells, whereas *PFKFB3* mRNA expression levels were similar in tip cells and non-tip cells (Supplementary Fig. [S1f](#MOESM1){ref-type="media"})^[@CR35]^. To test the metabolic flexibility of ECs, we determined whether inhibition of the expression of each of these genes in mixed EC populations affects expression levels of the other two genes and/or total ATP levels at 72 h after transfection. Inhibition of *PDHA1* expression increased the expression levels of the glycolytic gene *PFKFB3* (1.4-fold) and did not have an effect on *LDHA* expression levels. After *PFKFB3* silencing, no differences in *LDHA* and *PDHA1* mRNA expression levels were found. Inhibition of *LDHA* expression downregulated expression levels of *PFKFB3* (1.5-fold) and showed no effect on *PDHA1* mRNA expression levels (Supplementary Fig. [S1g](#MOESM1){ref-type="media"}).

Total ATP levels were slightly increased by 1.2-fold after silencing of *PDHA1*, whereas inhibition of *PFKFB3* or *LDHA* expression did not have an effect on total ATP levels (Fig. [4a](#Fig4){ref-type="fig"}). The non-metabolizable 2-DG, a glucose analog that inhibits the initial step of glycolysis by its interaction with hexokinase (Fig. [1](#Fig1){ref-type="fig"}), was used as a control for total ATP level measurements. It appeared that 2-DG administration reduced total ATP levels by 4-fold after 24 h of treatment (Supplementary Fig. [S1h](#MOESM1){ref-type="media"}).Figure 4Metabolic flexibility of HUVECs. (**a**) Inhibition of *PDHA1* expression increased total ATP levels (measured as relative luminescence), whereas inhibition of *PFKFB3* or *LDHA* expression did not show effects on total ATP levels at 72 h after siRNA transfection. Assessment of ECAR (**b**) and uptake levels of 2-NBDG (100 µM) (**c**) showed increased levels of glycolysis after inhibition of *PDHA1* expression at 72 h after siRNA transfection. Inhibition of *PFKFB3* expression decreased glucose-induced glycolysis (**b**), but did not have an effect on uptake levels of 2-NBDG (**c**). Inhibition of *LDHA* expression did not affect ECAR (**b**), but lowered 2-NBDG uptake levels (**c**) at 72 h after siRNA transfection. (**d**) siRNA against *PDHA1* induced OCR-linked ATP production, but lowered spare capacity in HUVECs. Silencing of *PFKFB3* gene expression increased OCR. Inhibition of *LDHA* expression lowered basal respiration levels, but increased OCR-linked ATP production, maximal respiration capacity, and spare capacity at 72 h after siRNA transfection. OCR and ECAR measurements were normalized for DNA content (RFU). mpH/min: milli-pH units per minute luminescence was normalized for cell numbers. Results are shown as means ± SEM of experiments with HUVECs of at least 3 donors. \*P \< 0.05, \*\*P \< 0.01, and \*\*\*P \< 0.001 as compared to siNT (Unpaired Student's t-test).

Next, metabolic flexibility was studied in more detail by measurements of mitochondrial respiration, glycolysis, and glucose uptake after inhibition of *PDHA1*, *PFKFB3*, or *LDHA* expression, respectively, in HUVECs at 72 h after siRNA transfection. Glycolytic capacity and glycolytic reserve were 1.3-fold and 1.8-fold higher, respectively, in HUVECs transfected with si*PDHA1* as compared to control. No differences were found in basal acidification rates and glucose-induced glycolysis. Silencing of *PFKFB3* resulted in 1.4-fold lower levels of glucose-induced glycolysis as compared to control, whereas *LDHA* silencing did not have an effect on glycolysis (Fig. [4b](#Fig4){ref-type="fig"}). Glucose uptake was 16% higher after inhibition of expression of *PDHA1*, whereas *LDHA* silencing resulted in a 11% lower glucose uptake as compared to control. Silencing of *PFKFB3* did not have an effect on glucose uptake (Fig. [4c](#Fig4){ref-type="fig"}).

After inhibition of *PDHA1* expression, oxygen consumption rate (OCR)-linked ATP production was increased by 1.2-fold, whereas spare capacity was 1.6-fold lower as compared to control. Inhibition of *PFKFB3* expression resulted in induction of mitochondrial respiration. Basal respiration was 1.7-fold lower after inhibition of *LDHA* expression, whereas OCR-linked ATP production, maximal respiration capacity, and spare capacity were 1.3-fold, 1.2-fold, and 2.4-fold higher, respectively, as compared to control (Fig. [4d](#Fig4){ref-type="fig"}).

Taken together, these findings indicate that HUVECs have a flexible metabolism, and that upon blocking the channeling of pyruvate into mitochondrial respiration (by si*PDHA1*), HUVECs lose their spare capacity for mitochondrial respiration but are able to adapt their metabolism by increasing glycolysis. On the other hand, HUVECs increase mitochondrial respiration when glycolysis is inhibited (by si*PFKFB3*).

Metabolism affects vessel sprouting *in vitro* {#Sec6}
----------------------------------------------

To study the role of metabolism in sprouting angiogenesis *in vitro*, co-culture spheroids^[@CR40]^ of mixed ECs transfected with siRNA against *PDHA1*, *PFKFB3*, or *LDHA* were embedded in a gel matrix, and HUVEC sprouting was quantified at 96 h after transfection (Fig. [5a](#Fig5){ref-type="fig"}). Inhibition of *PDHA1* expression did not have an effect on the number of sprouts (Fig. [5b](#Fig5){ref-type="fig"}), whereas *PDHA1* silencing shortened total sprout length as compared to controls by 2.3-fold (Fig. [5c](#Fig5){ref-type="fig"}). Inhibition of *PFKFB3* or *LDHA* expression reduced sprout numbers by 1.2-fold and 1.3-fold, respectively, (Fig. [5b](#Fig5){ref-type="fig"}) and shortened total sprout length by 2.1-fold and 2-fold, respectively, as compared to controls (Fig. [5c](#Fig5){ref-type="fig"}).Figure 5Roles of glycolysis and mitochondrial respiration in angiogenic endothelial sprouting *in vitro* and in the *in vivo* CAM assay. (**a**) Representative images of the *in vitro* spheroid assay after transfection of siRNA against *PDHA1*, *PFKFB3*, *LDHA*, or NT. Scale bar = 100 µm. (**b**) Spheroids showed decreased sprout numbers after inhibition of *PFKFB3* or *LDHA* expression, respectively, at 96 h after siRNA transfection. Inhibition of *PDHA1* expression did not have an effect on the number of sprouts. (**c**) Inhibition of *PDHA1*, *PFKFB3*, or *LDHA* expression, respectively, reduced total sprout length at 96 h after siRNA transfection. (**d**) Representative images of the vascular network in the *in vivo* CAM model after vascular occlusion by photodynamic therapy (yellow-marked zones) and transfection of siRNA against *PDHA1*, *PFKFB3*, *LDHA*, or NT. (**e**) Inhibition of *PDHA1* or *LDHA* expression in the *in vivo* CAM model reduced the number of branching points/mm^2^, respectively, whereas inhibition of *PFKFB3* did not have an effect. (**f**) Total sprout length in the *in vivo* CAM model was reduced after silencing of *PDHA1*, *PFKFB3*, or *LDHA* expression, respectively. Results are shown as means ± SEM of experiments of at least 3 donors. \*P \< 0.05, \*\*P \< 0.01, and \*\*\*P \< 0.001 as compared to siNT (Unpaired Student's t-test).

Together, these data suggest that both glycolysis and mitochondrial respiration are essential for sprouting angiogenesis *in vitro*.

Metabolism affects vessel formation in the *in vivo* CAM assay for induced angiogenesis {#Sec7}
---------------------------------------------------------------------------------------

To further study the role of metabolism during angiogenesis, vascular sprouting in chicken embryos was assessed following vascular occlusion induced by photodynamic therapy using the CAM model. The number of vascular branching points/mm^2^ in the PDT-treated zone and the total length of the sprouts growing in the PDT-treated zone of the CAM were determined after siRNA transfections against *PDHA1*, *PFKFB3*, or *LDHA*, as compared to control (Fig. [5d](#Fig5){ref-type="fig"}). Inhibition of *PDHA1* or *LDHA* expression reduced the number of branching points/mm^2^ by 1.7-fold and 1.6-fold, respectively, whereas silencing of *PFKFB3* did not have a significant effect on branching points per mm^2^ (Fig. [5e](#Fig5){ref-type="fig"}). Inhibition of the expression of *PDHA1*, *PFKFB3*, or *LDHA* shortened total sprout length by 1.7-fold, 1.9-fold, and 2.2-fold, respectively (Fig. [5f](#Fig5){ref-type="fig"}).

These findings indicate that glycolysis as well as mitochondrial respiration are essential for sprouting angiogenesis *in vivo*.

Discussion {#Sec8}
==========

In the present study, we demonstrate that glycolysis is necessary for tip cell differentiation and glucose consumption for mitochondrial ATP production for tip cell survival, whereas glycolysis as well as mitochondrial respiration are essential for the proliferation of non-tip cells. Furthermore, we show that glycolysis as well as mitochondrial respiration are involved in sprouting angiogenesis *in vitro* as well as *in vivo*. Finally, we demonstrate that HUVECs have a flexible metabolism and are able to adapt by using alternative metabolic pathways to generate ATP. In the following sections, we discuss our findings in more detail.

Glycolysis is necessary for tip cell differentiation {#Sec9}
----------------------------------------------------

Recent studies indicate that ECs have a relatively high glycolytic activity, which is further increased during angiogenesis^[@CR5]^. However, we found that ECs are not dependent on a specific metabolic pathway and can adapt their metabolism to microenvironmental circumstances. For example, inhibition of mitochondrial respiration in ECs by specific inhibitors induces a switch to glycolysis, stimulates tip cell differentiation, and inhibits cell proliferation^[@CR18],[@CR19]^. Therefore, unraveling the role of glycolysis and mitochondrial respiration in tip cell/non-tip cell differentiation and in the proliferation of non-tip cells (tip cells do not proliferate) may be key to understand their proposed regulatory role in angiogenesis.

We show here that tip cell differentiation is induced when expression of *PDHA1* is inhibited, and it is reduced when expression of *LDHA* is inhibited. PDHA1 is the gatekeeper enzyme to channel pyruvate from glycolysis into mitochondrial respiration and LDHA is the last enzyme of the glycolytic pathway. Therefore, induction of the tip cell phenotype by inhibition of *PDHA1* may be the result of an intracellular regulatory effect of increased glycolysis. Moreover, we demonstrated that inhibition of *LDHA* expression did not result in apoptotic tip cells. These results show that glycolysis regulates tip cell differentiation and that inhibition of this metabolic pathway blocks the formation of tip cells and that glycolysis is not necessary for survival of existing differentiated tip cells.

Tip cells need glucose consumption for mitochondrial ATP production for cell survival, and mitochondrial respiration as well as glycolysis are needed for EC proliferation and vascular sprouting {#Sec10}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We previously reported that endothelial tip cells show a higher mitochondrial respiration capacity and that tip cells are more dependent on glucose consumption for mitochondrial respiration as compared to non-tip cells^[@CR19]^. In the present study, we demonstrate that inhibition of *PDHA1* expression induces apoptosis of tip cells, but did not have an effect on non-tip cells. This confirms that tip cells are more dependent on glucose consumption for mitochondrial respiration as compared to non-tip cells.

Vascular development as well as the regression of existing vessels depends on a tightly-regulated balance between proliferation and programmed death of ECs. Endothelial mitochondria are essential for the functional integrity of ECs as they are involved in a wide range of cellular processes including redox signaling^[@CR41]^. ROS are produced as a byproduct of mitochondrial respiration and are involved in the intracellular signaling associated with cellular processes such as cell proliferation, differentiation, and apoptosis^[@CR42]^. However, excessive ROS production during cellular stress damages cells and thereby promote cells to go into apoptosis^[@CR43]^. Several studies indicate that ECs are exquisitely responsive to ROS and that ROS play an important role in vascular diseases, and in the regulation of angiogenesis^[@CR42],[@CR44]^. Besides, nicotinamide adenine dinucleotide phosphate (NADPH)-dependent oxidase 4 (NOX4) is highly expressed in ECs and is essential for basal ROS production and EC proliferation^[@CR45],[@CR46]^. We demonstrate here that silencing of *PDHA1* expression prevents proliferation of HUVECs and inhibits angiogenesis *in vitro* as well as *in vivo*, which may be the result of lower levels of ROS upon inhibition of *PDHA1* expression. Our findings, and particularly those in tip cells, are in agreement with the findings of Garcia-Quintans *et al*.^[@CR47],[@CR48]^ who found that elevated NOX activity and elevated mitochondrial ROS levels induce angiogenesis and suggested that antioxidants directed against mitochondrial ROS levels have therapeutic value in diabetic retinopathy.

Recent studies have shown that lactate is a signaling molecule in angiogenesis. Hypoxia-inducible factor-1α (HIF-1α) levels are stabilized when lactate levels are increased, and angiogenesis is stimulated via VEGF expression^[@CR26]^. Lactate also increases migration and tube formation of ECs cells by activating the nuclear factor kappa-light-chain-enhancer of activated B cells/interleukin 8 (NFκB/IL8) pathway^[@CR49]^. The enzyme LDHA has been shown to be essential for angiogenesis in microvascular ECs, and studies in a variety of human cancer types have documented an association between tumor lactate levels and negative clinical outcomes^[@CR50],[@CR51]^. Blocking lactate production reduces the effect of lactate on vascularization, and inhibition of *LDHA* expression reduces vascular network formation in matrigel assays^[@CR25],[@CR26]^. Furthermore, inhibition of *LDHA* expression or inhibition of its activity suppresses cancer cell growth *in vitro* and *in vivo*^[@CR23],[@CR24]^. Consistent with these findings, we demonstrate here that inhibition with siRNA against the glycolytic genes *PFKFB3* or *LDHA*, respectively, prevents the proliferation of HUVECs and inhibits vessel formation *in vitro* as well as *in vivo*. Our EC metabolism studies were confined to siRNA experiments against the glycolytic genes *PFKFB3*, *LDHA* and the mitochondrial gene *PDHA1*. Another approach to study EC metabolism, especially under metabolic stress, is by evaluation of AMP-activated protein kinase (AMPK). AMPK is a metabolic sensor that maintains the balance between ATP production and consumption by sensing cellular energy levels^[@CR52]--[@CR54]^. On the other hand, the AMPK system was also found to be involved in cell proliferation^[@CR55],[@CR56]^, making interpretations concerning its role in energy homeostasis difficult.

ECs have a flexible metabolism and can adapt their metabolism to microenvironmental conditions {#Sec11}
----------------------------------------------------------------------------------------------

Pyruvate can be irreversibly channeled into mitochondria by conversion into acetyl-CoA via the multi-enzyme PDH complex that functions as a gatekeeper between glycolysis and mitochondrial respiration. This occurs in particular under aerobic conditions. Pyruvate can also be reversibly converted into lactate by LDHA (LDHB can reversibly convert lactate into pyruvate). Conversion of pyruvate into lactate occurs in particular under anaerobic conditions^[@CR57]^. Therefore, cells are unable to convert acetyl-CoA into pyruvate, whereas the conversion of lactate into pyruvate is reversible. To test the metabolic flexibility of ECs, we inhibited the expression of the gene *PDHA1*, which is a critical component for the activity of the multi-enzyme PDH complex^[@CR30]--[@CR33]^, and studied glycolysis in more detail. Conversely, we inhibited the expression of the glycolytic genes *PFKFB3* or *LDHA*, consecutively, and studied mitochondrial respiration. We demonstrate here that silencing of *PDHA1* expression increases glucose uptake levels and total cellular ATP levels, but showed no effect on basal acidification rates and glucose-induced glycolysis. In addition to pyruvate, ECs can generate ATP in the presence of oxygen by mitochondrial respiration using alternative substrates such as fatty acids and amino acids (Fig. [1](#Fig1){ref-type="fig"})^[@CR19],[@CR58]^. In line with these findings, we demonstrate that inhibition of *PDHA1* expression has no effect on basal respiration, but has a slightly higher effect on OCR-linked ATP production. This indicates that, upon inhibition of the expression of *PDHA1*, ECs generate their ATP by using substrates other than glucose. ECs are known to exhibit metabolic flexibility that is characterized by shifting from one fuel source to another^[@CR19],[@CR59],[@CR60]^. Additionally, metabolic flexibility may allow ECs to shift from mitochondrial respiration to glycolysis to prevent cell damage by avoiding excessive mitochondrial ROS production via mitochondrial respiration^[@CR61]^.

The glycolytic capacity, glycolytic reserve, mitochondrial respiratory capacity, and mitochondrial spare capacity are measures of the maximum rate of substrate catabolism, which refers to the ability of cells to respond to acutely increased energy demands^[@CR62]--[@CR64]^. The plasticity of metabolic capacity over time prevents cells being driven into senescence or cell death^[@CR65]^. Therefore, the metabolic capacity of ECs provides essential information on energy housekeeping and the effects of pathological conditions. We show that inhibition of *PDHA1* expression increases glycolytic capacity and glycolytic reserve of HUVECs, whereas mitochondrial spare capacity was decreased after *PDHA1* silencing. Overall, this suggests that ECs are not dependent on pyruvate for mitochondrial respiration, and that under basal conditions, ECs do not switch to glycolysis when the channeling of pyruvate into the mitochondrion is blocked, but rather use alternative substrates such as fatty acids and amino acids (Fig. [1](#Fig1){ref-type="fig"}). However, when energy demands increase, ECs are able to switch to glycolysis when *PDHA1* expression is inhibited, showing that HUVECs are able to adapt their metabolism to microenvironmental circumstances. These results are consistent with the findings of Wu *et al*.^[@CR66]^ in cancer cells who showed that inhibition of mitochondrial respiration stimulates glycolysis, and this supports our hypothesis that ECs, like cancer cells, can adapt metabolically, which is called the "glycolytic switch", when mitochondrial respiration is inhibited.

The conversion of pyruvate into lactate is a reversible reaction, as pyruvate is converted into lactate via LDHA and lactate can be oxidized to pyruvate in a reaction catalyzed by LDHB. Therefore, inhibition of *LDHA* expression can also reduce the amount of pyruvate that is oxidized in the citric acid cycle and mitochondrial respiration. Lactate is known to fuel mitochondrial respiration in cancer cells and ECs^[@CR8],[@CR67]^. We confirm here that inhibition of *LDHA* expression decreases basal respiration levels and glucose uptake levels, but does not affect total ATP levels and glycolytic activity. Inhibition of *LDHA* expression induces OCR-linked ATP production, maximal respiration capacity, and mitochondrial spare capacity. Additionally, inhibition of expression of the glycolytic gene *PFKFB3* partially reduces glycolysis, but increases mitochondrial respiration. Collectively, our outcomes support the findings that the glycolytic end-product lactate is a substrate that can fuel mitochondrial respiration to generate ATP and that ECs, similarly to cancer cells, are able to switch to mitochondrial respiration when glycolysis is inhibited^[@CR23],[@CR67],[@CR68]^.

In conclusion, our detailed studies show a complex role of the different metabolic pathways in the specific functions of tip cells and non-tip cells and in the regulation of angiogenesis. Glycolysis regulates initial tip cell formation, and lactate is essential for tip cells to maintain their phenotype. On the other hand, tip cells are more dependent on glucose consumption for their mitochondrial functioning as compared to non-tip cells, whereas glycolysis as well as mitochondrial respiration are essential for the proliferation of non-tip cells. Finally, we demonstrate that the metabolic flexibility of ECs allows the switch between metabolic pathways, e.g. increasing mitochondrial respiration when glycolysis is reduced and vice versa. Together, our findings confirm previous findings on the metabolic flexibility of tip cells and non-tip cells and verify that ECs can adapt to the rapidly changing microenvironment during sprouting angiogenesis^[@CR19]^, and show that glycolysis as well as mitochondrial respiration are essential for angiogenesis *in vitro* as well as *in vivo*. These important features of ECs may have considerable significance in understanding the complex functioning of metabolism in endothelial tip cells and non-tip cells.

Material and Methods {#Sec12}
====================

Cell cultures {#Sec13}
-------------

Primary HUVECs were isolated from umbilical cords, as described earlier^[@CR69]^, and grown in M199 medium (Gibco, Grand Island, NY, USA) supplemented with 10% heat-inactivated human serum (HS), 10% fetal bovine serum (Gibco), and 1% penicillin-streptomycin-glutamine (Gibco). HUVECs were cultured in T75 culture flasks coated with 2% gelatin (Millipore, Billerica, MA, USA) at 37 °C and 5% CO~2~. Experiments were performed with confluent HUVEC passage 3--4 cells of at least 3 different donors. Human serum and umbilical cords were collected anonymously according to the principles of conduct for research integrity as described in the Medical Treatment Agreement Act in the Civil Code, Book 7 (WGBO BW7:467).

Identification and isolation of tip cells {#Sec14}
-----------------------------------------

The percentage of tip cells in cell cultures was determined as described earlier^[@CR35]^. Briefly, HUVECs were reverse transfected with siRNA and cells were harvested by TrypLE (Gibco) treatment at 72 h after siRNA transfection. Cells were incubated with CD34-phycoerythrin (1:50; anti-CD34-PE; clone QBend-10; Thermo Scientific, Waltham, MA, USA) in PBS for 30 min at room temperature. Tip cells were identified as CD34^+^ cells using a FACSCalibur (Beckton Dickinson, Franklin Lakes, NJ, USA) and analyzed using FlowJo 6.4.7 software (Tree Star, San Carlos, CA, USA). The fluorescein isothiocyanate (FITC) channel was used to detect autofluorescence. Non-stained and non-treated cells were used as negative controls. For cell sorting experiments, cells were sorted on the basis of CD34 expression (range between 4--20%) with anti-CD34-PE on a Sony SH800Z cell sorter (Sony Biotechnology, Tokyo, Japan). CD34^−^ cells were seeded overnight. After 24 h, CD34^−^ cells were siRNA transfected using the forward transfection method (according to manufacturer's protocol) and CD34 expression was measured on a FACSCalibur (Beckton Dickinson) at 72 h after siRNA transfection.

siRNA transfection {#Sec15}
------------------

Gene silencing in HUVECs was achieved by reversed transfection of siRNA directed against *PFKFB3*, *PDHA1*, *LDHA*, and by non-targeting siRNA (siNT) as a control (20 nM ON-TARGETplus; Dharmacon, Lafayette, CO, USA). According to the manufacturer's protocol, siRNA was added to OPTI-MEM media (Gibco) with 2.5 µg/ml Dharmafect 1 (Dharmacon) and cells were incubated with starvation medium (M119 medium supplemented with 2% HS). To avoid cytotoxicity, transfection medium was replaced with complete medium at 6 h after siRNA transfection. For each experiment, transfection efficiency was verified using real time quantitative PCR (RT-qPCR) at 72 h after siRNA transfection. Only experiments that showed \>70% reduction in mRNA expression were used for further analysis (as shown in Supplementary Fig. [S1g](#MOESM1){ref-type="media"}). A schematic overview of the relevant genes is shown in Fig. [1](#Fig1){ref-type="fig"}.

RNA isolation, cDNA synthesis, and qPCR {#Sec16}
---------------------------------------

Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) at 24 h after treatment, according to the manufacturer's instructions. Briefly, total RNA was measured on a NanoDrop (ND-100; NanoDrop Technologies, Wilmington, DE, USA). RNA (1 µg) was DNase I (amplification grade; Invitrogen) treated and reverse transcribed into first strand cDNA using the Maxima first strand cDNA synthesis kit (Thermo Scientific). RT-qPCR was performed on 20x diluted cDNA samples using a CFX96 system (Bio-Rad, Hercules, CA, USA) and specificity of primers was confirmed as described previously^[@CR70]^. The following tip cell-specific primers were used as previously described^[@CR19]^: *CD34*, *ANGPT2*, *CXCR4*, *DLL4*, *IGF2*, *NRP2*, *VEGFR2*, and *VEGFR3*. To determine inhibition of gene expression after siRNA transfections the following primers were used: *PDHA1* (Forward 5′-CTCGCAGAGCTTACAGGACGAA-3′; Reverse 5′-GCAGCACCATCGCCATATAAAGTC-3′), *PFKFB3* (Forward 5′-GGAGGCTGTGAAGCAGTACA-3′; Reverse 5′-CAGCTAAGGCACATTGCTTC-3′), *LDHA* (Forward 5′-ACCCAGTTTCCACCATGATT-3′; Reverse 5′-CCCAAAATGCAAGGAACACT-3′). Ct values were converted to arbitrary absolute amounts (2^−Ct^ × 1E^[@CR12]^) and expressed as fold change as compared to controls. Gene expression data was normalized to tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein and zeta polypeptide (*YHWAZ*), as determined by NormFinder^[@CR71]^.

ATP measurements {#Sec17}
----------------

Total ATP levels (intracellular and extracellular ATP levels) were measured using Cell titer Glo luminescent cell viability assay kit (Promega, Madison, WI, USA) according to the manufacturer's protocol. The luminescence signal was measured using a microplate reader (CLARIOstar; BMG LABTECH, Ortenberg, Germany) and normalized to the number of cells and the background signal from serum-supplemented medium without cells at 72 h after siRNA transfection. All experiments were performed in triplicate. As a control for total ATP level measurements, cells were treated with 2-deoxyglucose (2-DG) (100 mM; Sigma-Aldrich, St. Louis, MO, USA), a glucose analog that inhibits the initial step of glycolysis by its interaction with hexokinase (Fig. [1](#Fig1){ref-type="fig"}), for 24 h in HUVEC medium and luminescence signals were measured as described above.

*In vitro* glucose uptake {#Sec18}
-------------------------

HUVECs were transfected with siRNA and grown in culture plates. To determine glucose uptake levels, cells were incubated with a fluorescent D-glucose analog 2-\[N-(7-nitobenz-2-oxa-1,3-diazol-4-yl)-amino\]-2-deoxy-D glucose (2-NBDG; Fig. [1](#Fig1){ref-type="fig"}) (100 µM; Thermo Scientific) in HUVEC medium for 1 h at 37 °C at 72 h after siRNA transfection. 2-NBDG fluorescence was measured in the FITC channel using a FACSCalibur (Beckton Dickinson) and analyzed using FlowJo 6.4.7 software (Tree Star).

Measurement of cellular metabolism: flux analysis {#Sec19}
-------------------------------------------------

OCR, a measure of oxygen utilization of cells, is an important indicator of mitochondrial function^[@CR62]^. Extracellular acidification rate (ECAR) is a measure of lactic acid levels, formed during the conversion of glucose to lactate during glycolysis^[@CR63]^. OCR and ECAR were measured using a Seahorse XF96 extracellular flux analyzer (Seahorse Bioscience Europe, Copenhagen, Denmark). HUVECs were reverse transfected with siRNA and were seeded at 40,000 cells per well in Seahorse XF96 polystyrene tissue culture plates (Seahorse Bioscience Europe) and incubated for 72 h. Prior to measurements, cells were incubated in unbuffered DMEM assay medium (Sigma-Aldrich, St. Louis, MO, USA) in a non-CO~2~ incubator at 37 °C for 1 h. Both OCR and ECAR were measured every 4 min with a mixing during 2 min in each cycle, with 4 cycles in total.

DMEM assay medium (Sigma-Aldrich) for OCR measurements contained: glucose (25 mM; Sigma-Aldrich), sodium pyruvate (1 mM; Gibco), and glutamine (2 mM; Gibco). The following inhibitors were injected: oligomycin A (1.5 µM; Cayman Chemical, Ann Arbor, MI, USA), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (1.5 µM; Sigma-Aldrich), antimycin A (2.5 µM; Sigma-Aldrich) and rotenone (1.25 µM; Sigma-Aldrich). This allowed for calculation of OCR-linked ATP production, maximal respiration capacity and spare respiratory capacity. Basal respiration was measured prior to addition of oligomycin A.

The DMEM assay medium (Sigma-Aldrich) for ECAR measurements contained glutamine (2 mM; Gibco) and the following compounds were injected: glucose (10 mM; Sigma-Aldrich), oligomycin A (1.5 µM), and 2-DG (100 mM; Sigma-Aldrich). This allowed for calculation of glycolysis rate, glycolytic capacity, and glycolytic reserve. Basal ECAR was measured prior to addition of glucose.

DNA content was determined using CyQUANT Cell Proliferation Assay (Thermo Scientific) using a microplate reader (CLARIOstar; BMG LABTECH), according to the manufacturer's instructions. Data is expressed as the mean of measurements in 3 wells and were used to calculate OCR or ECAR normalized to DNA content (relative fluorescence units; RFU).

Western blotting {#Sec20}
----------------

HUVECs were transfected with siRNA and harvested after 72 h in lysis buffer (50 mM Tris-HCL, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease inhibitor (Roche Diagnostics). For western blot analysis of CD34, 30 µg protein was run on 7% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes (Whatman, Dassel, Germany) by wet blotting. After blocking with 2.5% BSA (Roche Diagnostics) dissolved in Tris-buffered saline (TBS) for 1 h at room temperature, membranes were incubated overnight at 4 °C with primary antibody (Roche Diagnostics) in TBS with 0.05% Tween20 (TBST) and 2.5% BSA. Primary antibodies against CD34 (ab81289; 1:1000; Abcam, Cambridge, UK) and β-actin (1:1000; Sigma-Aldrich) were used as a protein loading control and were detected using secondary antibodies labelled with IRDye700 or IRDye800 (1:1000; LI-COR Biosciences, Lincoln, NE, USA) diluted in TBST containing 2.5% BSA. Blots were scanned on an Odyssey Imager (LI-COR Biosciences) and protein expression was quantified using an Odyssey infrared imaging system and software version 3.0 (LI-COR Biosciences).

Analysis of apoptosis {#Sec21}
---------------------

Apoptotic cell death in CD34^−^ and CD34^+^ cells were determined at 72 h after siRNA transfection. Cells were stained using FITC-conjugated anti-annexin V (Life technologies, Eugene, OR, USA) and anti-CD34-PE (Thermo Scientific), according to the manufacturer's instructions. The apoptotic fraction of CD34^−^ and CD34^+^ cells was detected by flow cytometry using a FACSCalibur (Beckton Dickinson) and analyzed using FlowJo 6.4.7 software (Tree Star). As a control for the role of glucose oxidation in tip cell survival, cells were treated with UK5099 (2 µM; Sigma-Aldrich), a compound that blocks the channeling of pyruvate into mitochondrial respiration, for 24 h in HUVEC medium and the percentage of tip cells was measured as described above.

Cell cycle analysis {#Sec22}
-------------------

Cell proliferation was assessed using a Click-iT^TM^ Plus EdU flow Cytometry Assay Kit (Thermo Scientific), according to the manufacturer's instructions. Briefly, 10 µM 5-ethynyl-2′-deoxyuridine (EdU) was added to adherent subconfluent HUVEC cultures at 72 h after siRNA transfection and cells were incubated in HUVEC medium for 24 h at 37 °C. Cell cycle analysis was determined by flow cytometry with 488 nm excitation (Beckton Dickinson).

Spheroid-based *in vitro* angiogenesis model {#Sec23}
--------------------------------------------

HUVECs transfected with siRNA were seeded in spheroid medium containing 20% methyl cellulose (Sigma-Aldrich), 78% M199 medium (Gibco), and 2% HS to generate cell spheroids (750 cells/spheroid in 25 µl droplets) at 48 h after transfection. After 18--24 h, spheroids were collected in M119 medium (Gibco) and embedded in a 1 ml gel mixture containing 40% collagen (0.4 mg/ml; Corning, Bedford, MA, USA), 50% methyl cellulose (Sigma-Aldrich), and 2% HS. Spheroids were allowed to sprout for 24 h. Total sprout length and the number of sprouts were quantified of at least 10 spheroids for every condition. All analyses were carried out in a blinded fashion. Quantification was carried out using Neuron-J plug-inn package for Image-J software^[@CR72]^.

Chicken chorioallantoic-membrane photodynamic therapy (CAM-PDT) assay {#Sec24}
---------------------------------------------------------------------

The *in ovo* CAM assay was performed as described earlier^[@CR73],[@CR74]^. Briefly, fertilized chicken eggs were incubated in a hatching incubator with an automatic rotator (Fiem, Italy) and air humidity of 65% at 37 °C. On embryo developmental day (EDD) 3, a small hole was prepared in the eggshell and covered with parafilm (Pechinery, Menasha, WI, USA) to prevent dehydration and possible infections and eggs were returned to the incubator. On EDD 9, vascular occlusion was achieved by Visudyne® photodynamic therapy (PDT). Briefly, 20 µl of Visudyne® (Novartis Pharma Inc., Hettlingen, Switzerland) was intravenously administered to the CAM and allowed to evenly distribute throughout the CAM vasculature for 1 min. Irradiation was achieved using an epi‐fluorescence microscope (Eclipse E 600 FN; Nikon AG, Tokyo, Japan) with x4 and x10 objectives (Plan Apo 4×/0.2, working distance: 20 mm or Plan Fluor 10×/0.3, working distance: 16 mm; Nikon AG), a light dose of 5 J/cm^2^ (λ~ex~ = 420 ± 20 nm) and an irradiance of 35 mW/cm^2^ on a 0.02 cm^2^ area limited by an optical diaphragm within an area defined by a polyethylene ring^[@CR75]^. siRNA directed against *PFKFB3* (20 µM), *PDHA1* (20 µM), *LDHA* (10 µM), or non-targeted siRNA, premixed with 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES buffer) and Dharmafect 1 was topically administered directly following PDT. CAMs were visualized and imaged at 24 h after PDT-based vascular occlusion, on EDD10, *in ovo* by means of FITC-dextran (20 kDa, 25 mg/mL; Sigma-Aldrich) epifluorescence angiography, as well as 20 μl of India ink (Pelikan, Witzikon, Switzerland) administered into the extra-embryonic cavity in order to enhance vascular contrast. The total number of sprouts in the PDT-treated zone (number of branching points/mm^2^) and the total sprout length (measured from the edge of the PDT area to the end of the sprout) was quantified using modified ImageJ-based software^[@CR76]^. The latter was analyzed and quantified manually by two independent observers and carried out in a blinded fashion.

Statistical analysis {#Sec25}
--------------------

All experiments were performed in HUVECs of at least 3 donors and were performed in duplicate or triplicate. All data were expressed as mean ± standard error of the mean (SEM). GraphPad Prism 6 software was used to assess statistical significance by a two-tailed Student's t-test. Statistical significance was defined as \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. To correct for differences between donors, factor correction, as described previously^[@CR77]^, was used for flow cytometry data, spheroid data, and Seahorse flux data.

Supplementary information
=========================

 {#Sec26}

SUPPLEMENTARY INFO

**Publisher's note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ingeborg Klaassen and Reinier O. Schlingemann contributed equally.

Supplementary information
=========================

**Supplementary information** accompanies this paper at 10.1038/s41598-019-48676-2.

This study was supported financially by the following foundations: Landelijke Stichting voor Blinden en Slechtzienden, Algemene Nederlandse Vereniging ter Voorkoming van Blindheid, Stichting Blinden-Penning, Stichting Oogfonds Nederland, MaculaFonds, that all contributed through UitZicht (Grant 2018-26, 2017-29 and 2015-19), Stichting tot Verbetering van het Lot der Blinden, Rotterdamse Stichting Blindenbelangen (Grant B20140049), Stichting voor Ooglijders, Stichting Blindenhulp. This study was published with the help of the Edmond en Marianne Blaauw Fonds voor Oogheelkunde. The funding organizations had no role in the design or conduct of this research. They provided unrestricted grants.

B.Y.A. designed and performed experiments, analyzed data, and wrote the manuscript. I.M.C.V., P.N.S. and A.W. performed experiments. R.H.H. assisted with the seahorse experiments. I.K. and R.O.S. supervised the project. I.K., R.H.H., C.J.F.V.N. and R.O.S. contributed to the discussion and editing of the manuscript. All authors have read and approved the final manuscript.

The raw datasets generated during and/or analyzed during the current study will be made available upon request to the corresponding author.

The authors declare no competing interests.
